Observations on parameters of energy metabolism in intact animals and man suggest that ethanol primarily affects functional systems with slowing of metabolic reactions as a sequel. In work in vitro, slices of cerebral tissue stimulated with high potassium or electrical pulses comprise the only preparation showing metabolic alterations paralleling those seen in vivo. Measurement of respiration, metabolism of glucose and energy-rich phosphates, and levels of other metabolites including y-aminobutyrate suggest that ethanol interferes with the functional response to stimulation-decreasing the rate of breakdown of energy-rich phosphate and altering other metabolic parameters by a feed-back effect of decreased energy demand. Inhibition of active transport has been demonstrated, and indirect biochemical evidence and direct electrophysiological measurement suggest that the excitation cycle is also affected. Metabolism of ethanol and effects of acetaldehyde seem to be negligible in the disturbance of nerve function caused by ethanol. The primary site of action of ethanol appears to be the excitable membranes.
Observations on parameters of energy metabolism in intact animals and man suggest that ethanol primarily affects functional systems with slowing of metabolic reactions as a sequel. In work in vitro, slices of cerebral tissue stimulated with high potassium or electrical pulses comprise the only preparation showing metabolic alterations paralleling those seen in vivo. Measurement of respiration, metabolism of glucose and energy-rich phosphates, and levels of other metabolites including y-aminobutyrate suggest that ethanol interferes with the functional response to stimulation-decreasing the rate of breakdown of energy-rich phosphate and altering other metabolic parameters by a feed-back effect of decreased energy demand. Inhibition of active transport has been demonstrated, and indirect biochemical evidence and direct electrophysiological measurement suggest that the excitation cycle is also affected. Metabolism of ethanol and effects of acetaldehyde seem to be negligible in the disturbance of nerve function caused by ethanol. The primary site of action of ethanol appears to be the excitable membranes.
-LHARMACOLOGICALLY, alcohol* is classified among general depressants, a group of drugs to which all common anesthetic agents belong. In no single instance is the mechanism of action of any member of this heterogeneous group of compounds known exactly. Biochemical aspects of ethanol action have been comprehensively reviewed by Himwich.
1 More recent reviews include those on selected aspects by Kalant, 2 and on work with
From the Research Laboratories of the State Alcohol Monopoly (Alko), Helsinki, Finland.
*Tn this review, the terms alcohol and ethanol will be used interchangeably.
slices of cerebral tissue in vitro by Quastel. 3 Views on the mode of action of alcohols have been strongly influenced by the classical theories on narcosis. Most prominent in this connection have been the Meyer-Overton theory (1901) (1902) postulating an action on cellular membranes through lipoid-solubility of the narcotic compound, and Verworn's asphyxial theory of 1912. A modification of the latter (especially through the nowclassical work by Quastel and Wheatley in the early 1930's) has been influential in stimulating biochemical work in this field.
431
The Brain of the Intact Organism
The nitrous oxide method for measuring cerebral blood flow and arteriovenous differences in, for instance, oxygen, glucose, and other metabolites, has been utilized for measurement of effects of alcohol on cerebral metabolism in man. It has been found that only in severe intoxication (blood alcohol of 0.3% or more) oxygen consumption and glucose uptake will be depressed, whereas in states of marked inebriation with strong behavioral symptoms (blood alcohol up to about 0.2%) these parameters are unaffected. 4 
"
7 The method would not reveal localized changes although such changes may well occur without being seen in measurements of over-all metabolism. Sutherland et al." found a tendency to altered metabolism of glutamic acid in the brain of chronic alcoholics, which, however, was not statistically significant. Response to ethanol challenge in terms of oxygen and glucose consumption was similar in normal and alcoholic subjects.
Vervvorn's original theory of anoxia as. the cause of anesthetic action was refuted some 40 years ago. Oxygen consumption and availablity of oxygen are not affected by anesthetics, including alcohol, except in doses large enough to depress respiration. Sl) Observations on levels of energy-rich compounds and other metabolites intimately linked with the energy metabolism of the brain support the notion that ethanol does not interfere with respiration or the supply of energy. The concentration of adenosine triphosphate (ATP) and the ratio of adenosine triphosphate to adenosine diphosphate (ATP/ADP) are higher in the brains of mice and rats during ethanol intoxication than in controls.
10 ' u The difference shows that there cannot be an interference with oxidative or phosphorylative reactions leading to formation of ATP. The higher level may, as pointed out by Saito, be due to the sedative action of ethanol, which might minimize the nervous stimulation caused by immersion of the animals in liquid air.
Further 
Transmitter Substances
Known or possible transmitter substances within the central nervous system have received some attention, but the evidence for effects of ethanol is patchy. Whereas concentration and release or uptake of acetylcholine during the action of many depressants have been studied, data on ethanol do not seem to be available. GABA (y-aminobutyric acid) has attracted attention, partly because of its potential role as an inhibitory transmitter. However, its physiological significance has not been definitely established. Interpretation of changes seen in the brain of intact animals is complicated by the presence of GABA as a normal metabolite of the brain. Cerebral tissue has a quantitatively important pathway from glutamic acid over GABA and succinic semialdehyde over which a large part of the glutamate metabolized bypasses the <*-ketoglutaric dehydrogenase. Hakkinen 18 In any case, it seems that the increase has no pharmacological implications since Rosenfeld 1 " has reported that GAB A decreases the sleeping time of mice injected with ethanol.
Hakkinen and Kulonen 14 have found that glutamic and aspartic acid also increase whereas glutamine decreases during ethanol intoxication. A tentative interpretation, based on the intimate relationships between the citric acid cycle and amino acid metabolism in the brain, their quantitative importance in cerebral energy metabolism, and the fact that the rate of splitting of ATP largely controls respiration, is that ethanol intoxication causes changes in the level of intermediates of the GABA shunt by depression of the reaction rates. A potentially important observation is that in homogenate from brains of intoxicated rats which has been incubated without added ethanol, the alterations including an elevated GABA persist. 20 Since changed functional activity in the brain seems to be correlated with alterations in turnover of functionally important structures, this might offer a lead toward identification of such structures.
A number of biogenic amines also are supposed to act as transmitter substances, and some work has been done on the effects of ethanol on their levels in the brains of intact animals, 21 " 25 on their metabolism in intact animals, 20 " 28 on man, 29 ' 30 and on monoamine oxidase. 19 ' 31~33 The observations are partly contradictory. Reported changes are explainable on basis of alterations in liver metabolism and peripheral reactions to stress as well as in terms of cerebral biochemistry, and the role of monoamines in cerebral physiological function is not well understood. The field is in need of
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further much more thorough and accurate exploration and will therefore not receive further comment here; the paper by Schenker and Kissin will comment on biogenic amines in relation to alcoholism.
In-Vitro Observations

Pharmacological Considerations
Neither homogenate nor slices of cerebral tissue show any appreciable changes in biochemical parameters when ethanol is added in concentrations known to be pharmacologically effective in vivoeven exceeding the lethal limit. Earlier investigations with such preparations have therefore been largely dismissed because of the "unphysiological" conditions. It has been found, however, that the respiration of slices of cerebral tissue, or other preparations leaving the cellular membrane intact, can be almost doubled by alterations in composition of the incubation medium, such as raising the concentrations of potassium ions, or application of electrical pulses. The latter procedure is preferable because it more closely mimics conditions in vivo, but in both cases an increase in functional activity brought about by stimulation of excitable structures appears to be involved. For this reason, interest in recent years has tended to focus on transport phenomena and membrane structures.
With concentrations compatible with or slightly higher than those involved in reversible action in vivo, an increase in respiration of unstimulated tissue of about 10% is usually seen, although it sometimes is only transient. Such results have been obtained with slices from cerebral cortex from rat 34 " 43 and man. 38 Wallgren and Kulonen 42 ' 43 found that glucose consumption was proportionally increased whereas lactic acid formation did not change. Much higher concentrations are required for respiratory depression. 35 
'
30> 44 It appears that preservation of cellular membranes is necessary for the elevation of respiration at low concentrations since it has not been seen with homogenate 45 or mitochondrial preparations, 40 '
4U which also require markedly high concentrations for respiratory depression.
Numerous studies have been performed with potassium stimulated cerebral cortex slices from rats. 37 " 42 ' 47^9 In this preparation, only depression of respiration is seen; it is much more sensitive than unstimulated tissue or homogenate. The lowest concentrations shown to have significant effects are 0.255 and 0.2%,
The latter concentration was effective only after 60-90 min. incubation. With increasing concentration, the depression becomes more and more severe, until at about 3.7%, response to potassium stimulation is abolished.' 11 With low concentrations depressing respiration by less than 10%, glucose consumption has been found to increase because of activation of the aerobic glycosis. 38 ' * 2 However, 0.92% ethanol depresses formation of CO 2 from uniformly labelled glucose by 11%, and 1.84% ethanol by 20%, whereas at the higher concentration, the increase in oxygen consumption due to high potassium is diminished by 36%. 41 Potassium stimulation alone greatly enhances lactic acid formation. Why low concentrations of ethanol augment this effect is not known.
Wallgren and Kulonen 42 showed that in electrically stimulated cerebral cortex slices, 0.4% ethanol depressed oxygen consumption, glucose uptake, and lactic acid formation by about 10% at 37.5° C. At 30° C, the same concentration of ethanol had no effect. The similar effect on respiration and glycolysis suggests an indirect effect due to reduced energy demand. In levels of amino acids in electrically stimulated cerebral cortex slices exposed to ethanol, Hakkinen et al. s0 found changes similar to those described above for intact rats. In other work, Wallgren has utilized the pharmacological principle of synergistic and independent action in an attempt to elucidate the nature of the effects of ethanol on the electrically stimulated tissue. It was concluded that a metabolic inhibitor such as malonate acts entirely independently of ethanol by reason of the fact that at any given concentration, ethanol does not increase its effect if it is not added in quantities causing themselves a greater depression than that induced by the malonate alone. 51 Similar observations have been made with glutamate which also depresses respiration of stimulated tissue. 50 Lipid-soluble analogues of acetylcholine are depolarizing agents and act synergistically with ethanol. 43 This synergism may be tied to the cationic quaternary ammonium group of these compounds. However, atropine, containing a tertiary nitrogen, is also synergistic with alcohol. 48 An inhibitor of active ion transport, ouabain, depresses respiration of electrically stimulated tissue at quite low concentrations, but it is not synergistic with ethanol. 52 
Metabolic Effects
Reduction of the energy metabolism of stimulated tissue of ethanol in pharmacologically active concentrations is thus amply demonstrated. In the search for the site of the primary action of ethanol, respiratory mechanisms have been evoked. However, earlier work has failed to show effects of general anesthetics on known dehydrogenases or parts of the respiratory chain. 9 ' 03~55 Another possible factor might be the malonate-sensitive, pyruvate-dependent portion of respiration involved in the response to potassium and also to electrical stimulation. 88 ' 41 Quastel has later modified his views stating that alcohol may have an action on the cell membrane, affecting cationic equilibria there and thereby diminishing cationic stimulation of respiration. 3 In agreement with this suggestion, Wallgren and Kulonen 42 and Wallg ren 43 
Interference with formation of energyrich phosphate has been suggested as an explanation for the effects of ethanol. 1 However, most of the experimental evidence bearing on this problem fails to support the notion. Ethanol is not an uncoupling agent. 4 " Quastel 4147 has found that ethanol at 0.92% concentration diminishes incorporation of glycine added to the incubation medium into protein of unstimulated tissue by 40-50%. Since protein synthesis requires ATP, he suggests that the reason may be suppression of the ATP-synthesis. However, amino acid transport is closely related to cation exchange of the tissue. As discussed below, ethanol causes changes in these systems which may account for the observed decrease in glycine incorporation. Observations by Kaniike and Yoshida 38 on effects of ethanol in concentrations of 0.5-4% on accumulation of L-dopa suggest that ethanol reduces both influx and outflow of this amino acid in cerebral cortex slices, but has a greater effect on the outflow-leading to net accumulation and a slowing of the turnover.
Observations on the metabolism of energy-rich phosphate indeed suggest that their synthesis is not inhibited. Grenell 45 found no interference with ATP-formation in brain homogenate. Heald r ' IJ ' 00 has demonstrated that at onset of electrical stimulation, creatine phosohate of cerebral cortex slices is rapidly diminished and remains at a level about half of that in unstimulated tissue, until termination of pulses. Also, the y-phosphate of ATP labelled by pre-V OL. XXVIII, NO. 4 (PART II), 1966 vious incubation in media containing radioactive orthophosphate rapidly loses activity when the slices are stimulated in medium not containing radioactive phosphate. These changes presumably reflect increased energy requirement induced by the stimulation. Wallgren 50 has demonstrated that ethanol at 0.4% inhibits the rapid fall of creatine phosphate by about 50% and maintains creatine phosphate on a higher level during the stimulation than in control tissue. The levels of the adenosine phosphates were unchanged as well as the rate of resynthesis of creatine phosphate after a brief period of electrical stimulation. Experiments with radioactive orthophosphate also showed great reduction in the reaction to stimulation shown by the terminal phosphate of ATP. These data strongly suggest that synthesis of energyrich phosphate is not affected by ethanol at this concentration but that the energydemanding response to stimulation is disturbed. They also harmonize with the invivo observations by Ammon et al. 11 Ammon et al, further suggest that the direct oxidative degradation of glucose may be increased. Higgins' in-vitro experiments with brain mince also indicate that the phosphogluconate pathway is activated during intoxication.
111 However, it is again probable that this is a correlated phenomenon rather than a causative agent in intoxication.
Biologic-Chemical Relationships
A remarkable pharmacological generalization is that among homologous anesthetic agents, biological effectiveness is closely correlated with chemical potential. 03~85 In considering the meaning of the observations on electrically stimulated tissue, it is significant that Lindbohm and Wallgren 00 have found that in electrically stimulated cerebral cortex slices, inhibition of respiration by a series of aliphatic alcohols correlates closely with their chemical potential whereas with the same concentrations, effects on unstimulated tissue are weak and inconsistent. Mcllwain 07 pictures the following sequence of events in electrically stimulated cerebral tissue: (a.) depolarization of excitable membranes leading to entry of sodium and loss of potassium in the cells; (b.) compensatory increase in active ion transport and other functional activities raising the rate of production of ADP; and (c.) a consequent decrease in phosphocreatine and increase in the rate of oxidative phosphorylation leading to (d.) increased respiration and utilization of substrate. Important support for this concept comes from observations on electrical potentials of cells in slices of cerebral cortex 68 and demonstration of increased exchange of potassium 69 and sodium. 70 Results obtained up to now on effects of ethanol strongly support an effect on event (a.), which is also indicated by the finding that in squid giant axon, ethanol interferes with specific mechanisms connected with the action potential, and especially with the sudden rise in sodium conductance constituting its rising phase. 71 ' 72 However, interference with active transport (event b) could also explain the results seen in the stimulated tissue, although it is difficult to understand why similar phenomena would not then also be apparent in unstimulated tissue.
There is indeed evidence that ethanol at relatively low concentrations interferes with active transport of cations in a variety of tissues, including erythrocytes, 73 isolated frog skin, 74 and cerebral cortex and kidney slices from rats. 75 The latter investigators depleted the slices of potassium by incubation in cold medium and measured the rate of uptake of potassium during subsequent incubation at 37° C. In cerebral tissues, 0.087 M (0.4%) ethanol very clearly depressed the uptake of potassium. An effect on the mechanism of active uptake rather than on energy provision for the transport, or on passive diffusion, seems indicated because of the prompt onset of ethanol action in the isolated frog skin and the lack of effect on the rate of loss of potassium. 75 Jarnefelt 76 has found an inhibitory effect of alcohols (including ethanol) on Na + -K+-activated adenosinetriphosplntase activity in microsomes from rats brain. In experiments not yet reported in full, Israel-Jacard and Kalant 75 have found that ethanol inhibition of this enzyme system is competitive with potassium. This important interaction has also been demonstrated by the same authors in slices, in which lowering external potassium potentiates the inhibitory effect of ethanol on accumulation of potassium. The sodium-potassium stimulated ATPase presumably represents the system for active ion transport, or at least an essential part of that system, but its characteristics or physiological significance are not sufficiently well known to permit an exact interpretation of the implications of its inhibition by ethanol. There is some evidence indicating an interaction between calcium and potassium, also. On the basis of interaction between potassium, acetylcholine, and calcium in smooth muscle, Hurwitz et al. 71 have concluded that ethanol is an "indirect" antagonist of calcium. Recently, Grenell and O'Neill 78 have presented evidence for an interaction between calcium and ethanol at the neuronal membrane.
Implications of Ethanol Metabolism
Dewan 79 ' 80 claimed to have demonstrated an alcohol oxidizing system in the brain of cattle and a variety of other animals. Later, Sutherland et al. 81 and Burbridge et al. 82 reported that rat brain oxidizes ethanol. The crude methods and incomplete reporting of Dewan make it difficult to accept his conclusions. The work of Burbridge et al. is more substantial. However, many reports of negative findings concerning utilization of ethanol by cerebral tissue have appeared. ' 10 '
8!Ufffi
Wallgren and Kulonen 42 concluded on the basis of the retention of ethanol in brain tissue in vitro that the organ does not contain an alcohol oxidation system. I n later unpublished work, Koskinen and Wallgren did parallel determinations by a bichromate method and the alcohol dehydrogenase method of disappearance of ethanol from the incubation medium of cerebral tissues and again found no uptake of ethanol. Similar conclusions have been made on basis of lack of formation of labelled carbon dioxide from C ulabelled ethanol, 87 although this type of evidence is not conclusive since conversion to intermediates without formation of carbon dioxide is still conceivable. Beer and Quastel, 40 Tovvne, 33 and Raiha and Koskinen 88 have been unable to find alcoholdehydrogenase activity in cerebral tissue. In the reviewer's opinion, the bulk of evidence indicates that oxidation of alcohol does not normally occur in the brain. There is the possibility that the experimental conditions in the experiments of Burbridge et al. B2 favored catalase-oxidation of ethanol, but this does not appear very likely since it is not evident that a catalase-activating system was present.
Involvement of acetaldehyde, the first metabolite of ethanol in the body, is not precluded because it is a powerful pharmacologic agent which is oxidized by cerebral tissue. However, there is no close parallelism between concentration of acetaldehyde in the organism and the degree of ethanol intoxication. Acetaldehyde is formed mainly in the liverwhich is the principal site for the first step in oxidation of ethanol. Acetaldehyde penetrates the tissues easily. In animals, there is a close correlation between concentration in the blood and the brain, which usually remain at about 3-5 iitg./gm. tissues or per milliliter blood, seldom rising above 10 /xgm./gm. and showing little correlation with the blood alcohol level. 89 " 92 In human sub-
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jects, levels within the same range have been observed during alcohol intoxication
In an investigation of the pharmacological effect in rats of injected acetaldehyde, MacLeod 89 found that 40-60 /tgm. of acetaldehyde/ml. blood caused little or no impairment of function. Levels of about 100 /*gm. were required for severe depression, which was of short duration. Carpenter and MacLeod 94 reported synergism between acetaldehyde and ethanol at low concentrations in intact animals. Thus a modifying effect of the process of intoxication may arise from the effect of acetaldehyde in some circumstances, but it definitely seems of little importance.
The conclusions from observations in vivo are supported by experiments in vitro. Beer and Quastel 95 compared the effects of various alcohols with those of the corresponding aldehydes on potassium stimulated cerebral cortex slices and mitochondrial preparations from cerebral tissues. From the different types of action and the differing relationship between concentration and effectiveness, they concluded that alcohols do not exert their effect by conversion to the corresponding aldehydes. In experiments with mitochondria, Rehak and Truitt 96 have observed weak upcoupling of phosphorylation and Kiessling 91 depression of respiration with concentrations of acetaldehyde in the range 11-22 jugm./ml. incubation medium. This, however, is at the upper limit of concentrations occasionally observed in vivo during alcohol intoxication.
Comment and Conclusions
It cannot yet be stated with certainty that interference with active transport gives the entire explanation of the observations on electrically stimulated cerebral cortex slices. The observations by Lindbohm and Wallgren 06 on effects of a series of alcohols, the much greater sensitivity of the stimulated slices, and electrophysiological evidence all suggest that an important part of the effect is on the immediate response to electrical stimulation leading to redistribution of ions. This problem should be possible to resolve by studying the effects of ethanol on kinetics of ion movements in stimulated cerebral tissue. Experiments in this direction have been started in Alko's laboratories. In any case, biochemical data accumulated up to now are most easily understood if a primary action on the functioning of the neuronal membrane is assumed, which then by feedback mechanisms induces the alterations in intermediary metabolism that have been seen. Similar conclusions by Quastel 3 have already been quoted. Grenell 45 has suggested that ethanol acts in a rather unspecific manner on a number of structures involved in the functioning of the cell membranes. Considering the small size, simple structure, and slight polarization of the ethanol molecule, it seems likely that the action is rather diffuse and widespread, differential sensitivity of various structures being a consequence of the subtlety of their function rather than of any specific interaction with ethanol. It seems that a fruitful approach in research on this problem would be further detailed biochemical and biophysical characterization of the structures involved in membrane functions, especially in active cation transport and the excitation cycle. Whereas differential sensitivity of synaptic structures is not clearly documented, detailed studies on effects of ethanol on impulse transmission are urgently needed. In that connection, utilization of newly introduced methods for histochemical localization of transmitter substances within the central nervous system on the basis of fluorescence 97 -8S would aid in defining the effects of ethanol on monoamines of the brain. Elucidation of the mechanism by which ethanol interferes with the functioning of neurons has obvious implications both for potential control of acute intoxication and for an understanding of the nervous-system changes that lead to physical dependence as manifested in the withdrawal syndrome.
Summary
In man, cerebral blood flow is increased and cerebral oxygen and glucose are depressed by ethanol, but only in severe states of intoxication. In quickfrozen brains of intact rats and mice, adenosine triphosphate (ATP), the ratio ATP/ADP, and creatine phosphate are elevated during ethanol intoxication. Thus the decrease in oxygen consumption appears to be a consequence rather than a cause of functional impairment. The elevation of y-aminobutyrate, glutamate, and aspartate and the decrease of glutamine in the brain of intact animals may also be due to decreased reaction rates.
In vitro, only cerebral tissue with preserved cellular structure and stimulated with potassium ions or electrical pulses is sensitive to ethanol concentrations acting reversibly in vivo. In electrically stimulated rat cerebral tissue, 0.087 M (0.4%) ethanol diminishes the respiratory response to electrical stimulation by about 25% and causes a reduction by 50% in the rate of fall of creatine phosphate which occurs as an immediate response to the increased energy demand on application of electrical pulses. The levels of adenosine phosphates remain unaffected. In a variety of tissues including unstimulated, potassium-depleted slices of cerebral tissue, ethanol has been found to interfere with transport of sodium and/or potassium. Sodium-potassium activated ATPase activity is depressed by ethanol, which competes with potassium.
Although there is some conflicting evidence, ethanol apparently is not metabolized by cerebral tissue. Acetaldehyde levels in blood and tissues show no paral-lelism to overt symptoms of intoxication or blood alcohol levels. Thus metabolism of ethanol and acetaldehyde seem to be negligible factors in the process of intoxication which must be caused by the ethanol molecules as such. It is concluded that these interact in an unspecific manner with excitable membranes, interfering both with phenomena of excitation and with active transport. The effect of ACTH and adrenal steroids on the K transport in human
